Key Points:
D max = 0.6 −1/3 D veq .(1)
149
There are two reasons why we assume that snowflakes can be modeled as spheroids 150 with the axis ratio, AR, of 0.6, which is a good model for mature snow aggregates as was 151 shown by analyzing multi-frequency radar observations [Matrosov et al., 2005] and through 152 theoretical studies of the aggregation process [Westbrook et al., 2004] . Firstly, the goal of 153 this study is to investigate the connection between riming and snowfall accumulation. During 154 the studied events, highest precipitation rates were recorded during the periods where rela-
155
tively large snowflakes were observed. These snowflakes are typically aggregates or rimed in combination with precipitation rate measurements yield a bulk density [Brandes et al., 164 2007] or ensemble mean density of snow [Tiira et al., 2016] . It should be noted that the 165 snow densities derived by Brandes et al. [2007] and Tiira et al. [2016] are the same, despite 166 having different names. The notation, ensemble mean density, was adopted by Tiira et al.
167
[2016] to be consistent with numerous aircraft studies, see for example [Heymsfield et al., 168 2004]. In these studies the notation bulk density is reserved for a density of individual ice 169 particle and not to the mean density of a distribution of snowflakes.
170
Assuming that snow PSD can be represented in a Gamma functional form:
where N 0 is the intercept parameter, D 0 is the median volume diameter and µ is the 172 shape parameter; the particle volume flux, F v , can be expressed as a function of PSD param-173 eters, N 0 and Λ, and the parameters of a velocity-dimensional, v(D), relation:
where a v and b v are the prefactor and exponent of the v(D) relation. Here and later in 175 the text D stands for D max , therefore the particle axis ratio AR is used to compute the vol-176 ume. Following the same notation the precipitation rate, or the mass flux F m , can be ex-177 pressed as:
This equation is derived expressing the mass-size relation in the power law form m = 179 αD β .
180
Heymsfield [1982] have proposed a conceptual model that describes how ice particle
181
properties evolve during riming. At the initial stage a particle, a planar ice crystal or an ag- 
where m us = α us D β is the mass-dimensional relation of unrimed snowflakes. The can express the ensemble mean density as a function of the rime mass fraction:
This leads to the expression of the rime mass fraction as a function of the retrieved 207 ensemble mean snow density, Λ, the exponent of the v-D relation and coefficients of the un-
208
rimed snow m(D) relation. there is a possibility that during collected observations that span over two winters no un-233 rimed snowflakes were observed. This possibility is difficult to quantify, given the lack of 234 other supporting observations.
235
The comparison of the derived m(D) to other relations presented in Fig. 1 
255
This analysis indicates that if the proposed relation for unrimed snow is used and rim-256 ing is detected, i.e. FR is larger than zero, then there is a very high probability that riming 257 actually occurs. The amount of riming may be underestimated. Since higher precipitation
258
rates are typically associated with larger particles, in stratiform precipitation systems these 259 particles are mainly aggregates at various stages of riming. In these cases the retrieval uncer-
260
tainty is contained to the range of α values defined by the aggregation region.
261
Given the derived mass-dimensional relation for the unrimed snow and utilizing equa- 
269
To summarize, the proposed method can be presented as the following steps: 270 1. At the first step, the ensemble mean density should be retrieved from observations 271 of PSD, v(D) and snowfall rate, SR, as described in [Tiira et al., 2016] UTC, as can be seen in Fig. 4 , and the super-cooled water starts to restore and riming re-316 places aggregation as the dominating snow growth process.
317
Before the discussed period, the rime mass fraction was steadily increasing starting event between 2300 and 0000 UTC, when aggregation was taking place.
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325
The second case study is of the snowfall event that took place on 20 ing the area in the evening.
332
In Fig. 5 
Connection Between FR and LWP
349
The proposed retrieval procedure relies on the assumption that differences in snowflake ELWP, which can be written as:
where m rime is the change in the particle mass due to riming and E r is the riming effi-358 ciency. The final equation is derived assuming that E r = 1. It is known that E r is likely to 359 vary considerably depending on cloud conditions, which may account for some discrepan-
360
cies between E LW P and LW P values, which will be shown later. Also it is assumed that the 361 area perpendicular to the direction of fall is circular, which is a reasonable approximation for 362 planar crystals and aggregates. Given that the exponent of m(D) relation is very close to 2, 363 dependence of (8) on D max is also ignored.
364
Following (8) ELWP values were computed for the two case studies. In Fig. 7 
Impact of Riming on Surface Precipitation
395
From observations of two snow events that took place in Sierra Nevada mountains
396
Mitchell et al. [1990] have found that riming is responsible for 30% to 40% of accumulated 397 snow mass. Harimaya and Sato [1989] estimate that this value is higher for the coastal re-398 gion of Japan and ranges between 50 % and 100 %. Grazioli et al. [2015] have shown that 399 there seems to be a correlation between occurrence of riming and precipitation accumulation.
400
To analyze the impact of riming on snowfall, we have computed total precipitation ac-401 cumulations, A, for the recorded 22 events and corresponding rime precipitation accumula-402 tion, A FR . The total accumulation and rime precipitation accumulation are defined as:
where j stands for a time integration period during which PSD parameters, SR and FR
404
are estimated and ∆T j is the corresponding integration time.
405
In Fig. 10 son correlation coefficient is just 0.33, see Fig. 11 . This seem to point to the conclusion that 419 riming does not enhance precipitation, at least in the Southern Finland. In case of an ice particle the refractive index is directly 423 related to the particle density [Sihvola, 1999] . We should note that in the radar community 424 the definition of particle density is different from the bulk density used in connection with 425 aircraft studies. The particle density used to compute the particle refractive index and radar 426 variables, is the mass of the particle divided by the volume of a prolate or oblate spheroid.
427
The length of a spheroid major axis typically coincided with the particle maximum dimen- be defined. The particle density defined in this way is typically larger than the bulk density,
431
and can be used for computations of the particle refractive index.
432
During the fill-in stage of riming growth, see 
441
To test the conceptual model, Ikaalinen radar observations of reflectivity,Z, and differ- 
